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Abstract. Preliminary results from beta decay studies of nuclei that are important for reactor applications are
presented. The beta decays have been studied using the total absorption technique (TAS) and the pure beams
provided by the JYFLTRAP system at the IGISOL facility of the University of Jyva¨skyla¨.
1. Introduction
Beta decay is an important source of nuclear structure
information and can be used as a tool to study fundamental
interactions. In addition, the study of beta decays, is
also very relevant for practical and fundamental physics
applications, such as the prediction of the decay heat from
nuclear fuel and the prediction of the antineutrino spectrum
from a working reactor [1,2]. For these two applications
it is crucial to obtain experimental data that do not suffer
from the Pandemonium effect [3], a systematic error
associated with the use of conventional high-resolution
spectroscopy techniques.
In this contribution we will present results from
recently analyzed high priority beta decays [4] using the
total absorption technique and discuss their impact on the
prediction of the reactor decay heat. The measurements
have been performed at the IGISOL facility of the
University of Jyva¨kyla¨ (Finland) using the high purity
beams provided by the JYFLTRAP [5]. Where possible,
comparisons will be given with earlier measurements
a e-mail: algora@ific.uv.es
[6] and with results obtained using different analysis
techniques [7,8], which will allow us to compare the
correctness of the different methods, and validate their use.
The decay heat in reactors is usually defined as the
amount of energy released by the decay of fission products
without taking into account the antineutrinos. This can
be estimated with summation calculations that imply
determining the following power function f (t):
f (t) =
∑
i
(Eβ,i + Eγ,i + Eα,i )λi Ni (t) (1)
where Ei is the mean decay energy of the i th nuclide (β,
γ and α components), λi is the decay constant of the i th
nuclide, and Ni (t) is the number of nuclei i at cooling time
t . These calculations require extensive libraries of cross
sections, fission yields and decay data.
The mean decay energies can be obtained by direct
measurements as for example in Rudstam et al. [6] or
can be deduced from decay data available in conventional
databases like ENSDF [8]. For the latter, a knowledge of
the feeding distribution to levels in the daughter nucleus is
needed.
c© The Authors, published by EDP Sciences. This is an Open Access article distributed under the terms of the Creative Commons Attribution License 4.0
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As mentioned earlier, measurements of beta decays
employing Ge detectors can suffer from the Pandemonium
effect. In such conventional beta decay experiments the
limited efficiency and sensitivity of Ge detectors can
lead to incomplete decay schemes and to an incorrect
determination of the beta feeding to levels in the daughter
nucleus. Even using Ge arrays of very high efficiency
this problem can still persist [9–11]. The solution to this
problem is to use highly efficient devices or calorimeters,
the so-called total absorption technique. Employing a
large volume detector, usually constructed from scintillator
materials of modest energy resolution, we can have total
efficiencies of nearly 100% for detecting the gamma
cascades that follow the beta decay. Extracting the
information on the beta feeding from those experiments
requires solving the following “inverse problem”: d =
R(B). f where d represents the measured spectrum free
of contaminants, R is the response matrix of the detector,
and f is the feeding distribution of the decay we wish to
determine.
In this contribution we present preliminary results of
the beta decay study of 86Br and 91Rb using the total
absorption technique.
2. Experiment and analysis
The nuclei of interest were produced using proton induced
fission in a 238U target. The fission products were then
extracted using the ion guide technique, which employs
a helium jet to transport the reaction products to the first
stage of the separator. After a first mass separation with
the dipole magnet of moderate mass resolution of IGISOL
[12,13], the beams were isotopically separated further
using the JYFL Penning trap [5].
The isotopically pure beams were then transported to
the centre of the measuring setup. In the measurements
presented here we used a segmented BaF2 total absorption
spectrometer with a diameter and length of 25 cm, and a
longitudinal hole along its symmetry axis of 5 cm diameter.
The radioactive beam was implanted in a tape system kept
in vacuum, which was moved in cycles depending on the
half-lives of the nuclei of interest. Behind the implantation
point, at approximately 5 mm distance, a Si detector of
0.5 mm thickness was placed to record the beta particles in
coincidence with the signals from the TAS spectrometer.
The main goal of the experiment was to study the decay of
nuclei that are important contributors to the decay heat and
to the prediction of the antineutrino spectra in reactors. In
this campaign special interest was devoted to decays that
present beta-delayed neutron emission, in order to study
the same decays with a combination of techniques that
included the total absorption technique. Some of the results
from this campaign have been already published or have
been recently submitted for publication [14–17].
In the analysis of a total absorption measurement, the
first concern is to determine the possible contaminants
of the spectra to be analyzed (represented by d in the
inverse problem). In particular, the possible contributions
of electronic pileup and daughter contamination have
to be determined and quantified. The contamination of
the daughter decay can be measured in a dedicated
measurement or can be simulated if it arises from a
well known decay. The pileup can be estimated using
the procedure outlined in [18]. Then, the next step is
to solve the above mentioned inverse problem. For that,
the response function of the total absorption setup to the
decay of interest has to be determined. This response (R)
depends on the detector (geometry, materials, etc.) and
on the branching ratios (B) of the levels populated in the
decay. The branching ratio matrix is not known, and its
calculation requires that one makes assumptions about the
populated level scheme in the decay. Conventionally we
accept levels and their gamma decay branches from high
resolution measurements up to a certain cut-off energy.
This is based on the assumption that low lying levels
and their decay branches are relatively well known from
high resolution measurements. Above the cut-off energy
a statistical model is used to generate the branching ratio
matrix between those levels (among themselves) and their
connections to the low-lying part of the level scheme. Once
the branching ratio matrix is defined, the response can be
calculated recursively using previously validated Monte
Carlo simulations. The analysis, which means to solve the
inverse problem, is performed according to the methods
developed by the Valencia group [19,20].
3. Study of the beta decay
of 86Br and 91Rb
86Br is considered priority one in the high priority list of
beta decays of interest for decay heat calculations [4]. It
decays to a stable nucleus, so in this particular case the
only expected contamination in the measurements is the
pileup.
For the determination of the response, we must first
define the branching ratio matrix of the levels in the
daughter nucleus. Levels and their decay branches up to the
excitation of 3560 keV were taken from the latest ENSDF
compilation. Above that energy a statistical model based
on level densities and gamma strength functions was used.
More details are given in a forthcoming publication [17]
and in [21].
In Fig. 1 we present the measured spectrum compared
with the spectrum generated with the analysis (obtained
by multipliying the corresponding response function with
the resulting feeding distribution R(B). f f inal) and adding
the contributions of the contaminants. In this analysis
we had to include, apart from the pileup, an additional
contaminant spectrum. A preliminary analysis of the
pileup-cleaned spectrum showed that there is a small
amount of contamination in the beta-gated spectra, which
was due to an increased level of noise in the silicon
detector in one of the runs. This was taken into account
by subtracting from the beta-gated spectrum a background
spectrum with beam-on, from which its own pileup had
been previously subtracted. This small contribution is also
presented in Fig. 1.
In Fig. 2 we present the accumulated feeding
results from our analysis compared with the those taken
from ENSDF [22]. This comparison shows clearly that
previous measurements for this decay suffered from the
Pandemonium effect.
From the preliminary feeding distribution obtained in
the analysis we have calculated the mean energies, which
are compared in Table 1 with the valued deduced from
ENSDF (high resolution) and with the value from a recent
publication by Fijałkowska et al. [23] who also used the
TAS technique.
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Figure 1. Comparison of the beta gated 86Br decay TAS spectrum
with the spectrum generated after the analysis. The contribution
of the contaminants is also presented.
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Figure 2. Accumulated feeding distribution from the analysis of
the 86Br decay compared with the feeding distribution available
in ENSDF.
Table 1. Mean average energy for β-particles and γ rays (all
collected photons) from the decay of 86Br. The Oak Ridge result
is taken from [23].
¯Eγ [keV] ¯Eβ [keV]
Present result 3782(54) 1687(28)
Oak Ridge result 4110 (<411)
ENSDF 3296 1944
The decay of 91Rb is not included in the high priority
list [4], but it is interesting for other reasons. First of all
it was also measured with the total absorption technique
by Greenwood et al. [7], but analyzed using a different
method. So, a comparison of the results obtained can
allow us to draw conclusions on the results obtained
by different methods of analysis and different setups.
Secondly, this decay was used as a normalization point
in the mean gamma energy measurements of Rudstam
et al. [6], assuming that this decay was free from the
Pandemonium effect. This is particularly relevant, since
the Rudstam data set of mean gamma energies is one of the
few available obtained by direct measurements and might
require renormalization if the normalization point (decay
of 91Rb) is proved to suffer from the Pandemonium effect.
In Fig. 3 we show a comparison of the measured
TAS spectrum with the one generated from the feeding
distribution obtained from the analysis [17,21]. In Fig. 4
we compare the accumulated feeding distribution with
the measurements of Greenwood and with the high
resolution results. Our results agree quite well with
Greenwood results and show that this decay suffers from
the Pandemonium effect. This implies that the data from
Rudstam should be renormalized taking into account the
newly determined mean energy.
Energy [keV]
0 2000 4000 6000
Co
un
ts
1
10
210
310
-gatedβ
Analysis
Pile-up
Figure 3. Comparison of the beta gated 91Rb decay TAS
spectrum with the spectrum generated after the analysis. The
contribution of the contaminants is also presented in the figure.
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Figure 4. Accumulated feeding distribution from the analysis of
the 91Rb decay compared with the feeding distribution available
in ENSDF and with the obtained by Greenwood et al. [7].
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Figure 5. Comparison of the beta spectrum of the decay of 86Br
measured by Tengblad et al. [25] with the beta spectrum deduced
from the TAS measurements. The effect of considering all beta
transitions allowed or first forbidden in the deduction of the beta
spectrum from the TAS measurements is also presented.
The feeding distributions can also be used to deduce
the shape of the beta spectrum from this decay and to
compare them with the direct measurements of Tengblad
et al. [25]. In the cases presented here as well as in the cases
studied in [15] we see a systematic difference. The beta
spectrum deduced from the TAS measurements is softer
(shifted to lower energies) than that measured by Tengblad
et al. [25]. Several possible causes for these systematic
differences have been explored (see [15]), but we do not
see any possible reason arising from our analysis that
could explain the large discrepancies. In Fig. 5 we show
the comparison for the 91Rb case. In the figure we also
3
EPJ Web of Conferences 146, 10001 (2017) DOI: 10.1051/epjconf/201714610001
ND2016
t (s)   
1−10 1 10 210 310
D
H
 ra
tio
   
0.995
1
1.005 86Br
91Rb
All
Figure 6. Relative contribution to the gamma and beta
components of the decay heat of the presented decays (86Br and
91Rb) compared with the high-resolution contribution for 235U.
The gamma component is represented by the continuous line. The
beta component is showed with the dotted line.
present the effect of considering all beta transitions of first
forbidden type in the calculated spectra deduced from the
TAS measurements. Tengblad’s results come from direct
measurements, which means that they do not suffer from
such assumptions. As can be seen from the comparison of
the beta spectrum deduced from the TAS data using the
allowed and the first forbidden assumption for all decays, it
is clear that this supposition can not explain the differences
with the Tengblad results. New direct measurements of
beta spectra should be considered to further explore these
differences.
The obtained mean energies from the TAS mea-
surements can be used for decay heat calculations. The
combined relative decay heat contributions of these results
with respect to high resolution data is modest. It is of
the order of 0.5% at its maximum for 235U and 0.2% for
239Pu for the electromagnetic component. The contribution
to the gamma component relative to the high resolution
values (using ENDF/B-VII.1) is presented in Fig. 6 for
235U. The relative contribution for the light particle (or beta
component) is approximately 0.2% and 0.1% for 235U and
239Pu respectively at its maximum. The gamma and beta
mean energies deduced from the present work for 86Br are
presented in Table 1, where they can be compared with the
high resolution result and the recent measurement by the
Oak Ridge group [23].
Summarizing, we have presented here two examples
of decays studied by our TAS collaboration that were
considered relevant for reactor applications [4]. 91Rb is of
particular interest, because it was used as a normalization
point in the direct measurements of mean gamma energies
performed by Rudstam et al.. Our study shows that both
decays suffered from the Pandemonium effect.
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